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[57) ABSTRACT

In the control of a PWM inverter, there are various
requirements such as decreasing a harmonic loss and
acoustic noises, improving control response, optimizing
switchings of the branches of the inverter in any condi-
tion, and simplification in circuit construction. In the

present invention, the branches of the inverter are con- -

trolled in such that an evaluation function on the whole

combination of the inverter and the load connected to
the AC side of the inverter is made to be minimized.
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| METHOD AND APPARATUS FOR CONTROLLING
- PWM INVERTER

| TECHNICAL FIELD
~ This invention relates to a method and apparatus for
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controlling a pulse width modulation (PWM) inverter. -

- This invention is utilized in a case where an AC servo
motor is required to operate with a low harmonic loss,
low acoustic noise, fast torque response and high effi-
ciency, or in a case where, in the current controlling
system using a PWM inverter, the control error is re-
qulred to be minimum under the limited switching fre-
quencies.

'_ BACKGROUND AR_T -
Acccrding to one of the conventional methods, in the
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- current control, a deviation of output current from a

calculated current command value (or vector value) is

inputted to a comparator, and then an output of the
comparator indicating a comparison result is used to
determine the switching pattern of the PWM mverter,

~ i.e. on/off of the branches of the inverter.
~ In other words, in the conventional method, there is
only one state variable or state vectcr to determine the

switching.
However, according to the method, the cptrmum

switching is not always accomplished because the

switching method is determmed by cnly one state vari-
able. |

For example, some hlgh frequency currents and
acoustic noises have been observed. Moreover, there

20

2 |
‘shown in FIG. 3 regarding primary flux lmkage ¥ and

torque T resPectwely,
FIG. 6 is a block diagram of a system where the

present invention is applied to an optimum current con-

trol of an inductive load having a backelectromotive
force; and
FIG. 7 is a graph showing an output voltage wave-

form, a current command and an output current wave-

form.

- BEST MODE FOR CARRYING OUT THE
INVENTION

In FIG. 1 showing a preferred embodiment of the
invention, reference numeral 1 denotes a rectifier cir-
cuit, 2 a PWM inverter (a voltage type inverter is
shown but a current type inverter may also be used), 3

- a load connected to the inverter (e.g. an AC motor or a

power supply), 4 a detection and arithmetic circuit for
state variables x1, X2, . . . , 5 denotes an arithmetic oper-

ation circuit WhICh calculates optimum command val-

ues x1, x2, x3, . .. which correspond to x1, x2, x3, .
according to external commands. 6 denotes an address

- circuit which has, for analogue input signals, a conver-

25

sion circuit which converts an analogue input signal to
the digital form and includes a comparator or an A/D
converter, or which has, for digital input signals, a con-

- version circuit for converting the inputted digital sig-

nals into a suitable form when they are inputted into an

~ optimum switching table to be described later. The

30

‘exists another problem in which the structure of the '

circuits for obtaining a command value are complicated

because the one command value 1S used tc ccntrcl the |

| _whcle system. -

- It is the object of the present invention to solve the
‘above-mentioned problems.

DISCLOSURE OF INVENTION
The present invention is charactenzed in that each
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arm of an inverter is adequately switched in such man- -

ner that an evaluation function on a state between the
inverter and the system connected to the AC side of the
lnverter is rmmrmzed | |

'BRIEF DESCRIPTION OF DRAWINGS

In the acccmpanymg drawings: = .
FI1G. 1 1s a block diagram showing a syste:n to exe-

 cute control according to the present invention;

optimum switching table 7 is prcgrammed in such man-

" ner that the PWM inverter minimizes the error of a state

variable xi—xi using the designated evaluation function.
Now, assuming that the inverter is composed of three

branches respectively including switching elements S,

Ss, S¢, and that the instantaneous voltage vector v(Sg,

Sp, S¢) can take the following 8 vector values according

to the state 1 or 0 (1 denotes the upper position and 0

- denotes the lower position) of the switching elements:

v(0,0,0), ¥(1,0,0), v(0,1,0), v(1,1,0), v(0, 0 1), v(1,0,1),
v(0,1,1), v(1,1,1).
In these vectors, v(0,0,0) and v(1,1,1) are zero vectors

because the output voltages are zero.

Ccn31der1ng a flux linkage vector ¥ which is cbtamed |

- by a time integration of instaneous voltage vector v, in

43
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FIG. 2 is a vector diagram showing the relation be-

tween a locus of an optimum primary ﬂux linkage vec-
tor and a locus of a voltage vector;

- FIG. 3is ablock diagram shcwmg a control system in

which the present invention is applied to a high speed

torque control and to a high efﬁc1ency operation of an

~ induction motor; |
FIG. 3A is a graph showmg an mput/ output charac-

teristic of a nonlinear amplifier 21 in FIG. 3;
FIG. 3B 18 a graph showing an mput/ output hystere-
sis characteristic of a comparator 22 in FIG. 3;
- FIG. 3C is a graph showing an lnput/ output hystere-
sis characteristic of a comparator 23 in FIG. 3;
FIG. 4 is a data table stored in an optimum switching
table 19 in FIG. 3;

FIG. SA and 5B are dlagrams showing test results by
a dlgltal simulation on a transient response of the system.
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order to control the magnitu'c:'le’ of ¥ to a substantially

‘constant value, the vector v shown i in FIG. 2 may be

selected. That is, the voltage vector v may be selected

“such that the absolute value |¥| of ¥ can be maintained
‘between the lower value ¥ min and upper value Wpax. -

For example, a case in which ¥ rotates clockwisely in a

range of —7/6<0=m/6 will be considered, where @ is
an angle between the primary flux linkage vector ¥ and
an axis d. If ¥ reaches the upper limit value ¥ at
pcint P1, ¥ is rotated using v(0,1, 0) of the eight vectors
in order to lower the absolute value. On the contrary, if

W reaches the lower limit value W,,;, at point P, the-

absolute value is increased by usmg v(1,1,0).
Similarly, in a case where @ is in a different range, the -
absolute value of the primary flux linkage vector can be .
maintained within the predetermined range by detect-
ing that \‘I’l has reached Wpqax Or 3min and by selecting
proper voltage vector v(Sg,SsSc) according to the

'value of 0.

In the case of a motor, for example, the rotating ve-

locity of vector W coincides, with the rotating velocity

of the rotating magnetic field. _
As a vector V¥, any one of the above-mentioned eight
vectors may be selected. If the locus of ¥ is made to
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depict a loop, for example, the harmonic loss and the
acoustic noise will be increased. However, by varying
the magnitude of vector v and the rotating velocity, the
torque control and efficiency of an induction motor can
be improved.

One optimum vector at any instant within the eight
vectors can be selected automatically if the evaluation
function and the state function are determined.

Therefore, if the values of vector v as functions of all
the input values are stored in the form of tables, the
optimum switching pattern (the combination of ON and
OFF of the inverter branch) can be quickly and easily
Qutputted.

FIG. 3 shows an example of a control system to
which the present invention is applied for high speed
torque control and high efficiency operation.

In FIG. 3, reference numeral 1 denotes a rectifier
circuit, 2 a PWM inverter, and 3 an induction motor fed
by the inverter. 12 and 13 denote respectively three
phase/two phase converters, 14 a primary flux linkage
calculation circuit, and 15 an instantaneous torque cal-
culation circuit. The combination of circuits 14 and 15
corresponds to the circuit 4 in FIG. 1.

Reference numeral 16 denotes a primary flux linkage
command calculation circuit which is composed of a
nonlinear filter 20 having different time constants for a
rise and a fall, and a nonlinear amplifier 21 whose input-
/output characteristic is shown in FIG. 3A.

Reference numeral 17 denotes a calculation circuit
which calculates a torque command value Tefin accor-
dance with an external command. The circuit 17 is
composed of P-1 control circuit, etc. The combination
of circuits 16 and 17 corresponds to the circuit 5 in FIG.
1.

Reference numeral 18 denotes an address circuit
which comprises comparators 22 and 23, and an angle
region detection circuit 24.

The comparator 22 is inputted with the difference
between the torque command T,.rand an instantaneous
torque value T, i.e. T=Tpr—T, which is calculated by
a substractor 25 and outputs a 2-bit signal correspond-
ing to one of 1, 0, and —1 according to the input signal.
The input/output characteristic of the comparator 22
has a hysteresis as shown in FIG. 3B. The output values
I and —1 denote an excess and a shortage of the torque
respectively.

The comparator 23 is inputted with the difference
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between the primary flux linkage command ¥, and

actual primary flux linkage |¥| ie. AW=W,r— |¥|,
which is calculated by a substractor 26, and outputs a
1-bit signal of 1 or 0 according to the input signal. The
input/output characteristic of the comparator 23 has
hysteresis as shown in FIG. 3C. The ¥ax and Wiy Of
the hysteresis curve correspond to the Wpax and ¥,y in
FIG. 2 respectively.

An angle region detector 24 is supplied with signals
VYa, ¥gand |¥|, for judging the angle of the primary
flux linkage vector with reference to axis d line P in one
of the 6 regions, each having an angle of 60° so as to
output a 3-bit signal which denotes one of 6 regions
I-VI. Regions I-VI are the ranges of the angle which
satisfy the following equations.

I:. —w/6<0=7/6

I: m/6<0=7/2

HI: w/2<0=57/6

IV: 5m/6<0=T77/6

V:Ta/6<08=31/2

VI: 37/2<0=11w/6(= —7/6)

50
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The judgement as to whether the angle  is in one of
regions I-V1I is performed by comparing d axis compo-
nent of Wy and g axis component of ¥, with
+V3/2|¥|, +=(3)|¥| and O.

The optimum switching table 19 stores optimum
switching patterns corresponding to the outputs (which
are composed of a combination of output 7 of the com-
parator 22, output ¢ of comparator 23 and output 8 of
the angle region detection circuit 24) of the address
circuit 18. The optimum switching table 19 is composed
of, for example, a read only memory (ROM) which uses
the outputs of the address circuit 18 as its addresses,
stores the corresponding switching patterns (which are
composed of 3-bit data corresponding to states of S, Ss,
S¢, respectively) in the addresses and outputs corre-
sponding data when an address data is inputted. The
switching elements of the inverter are driven according
to the output data.

The evaluation function stored in the optimum
switching table 19 is programmed so as to improve a

transient response rather efficiently and to minimize the
harmonic loss and acoustic noise.

FIG. 4 illustrates an example of the optimum switch-
ing table.

In the table, 7 and ¢ denote the torque and primary
flux linkage output from the comparator, respectively,
and 6=LILIILIV,V VI indicates the angle regions to
which the flux vectors ¥ belong.

FIGS. SA and 5B show test results of transient re-
sponse of primary flux linkage ¥ and torque T by digital
simulation method. That is, three signals show a locus
of primary flux linkage ¥ and a variation in torque T
when a torque command is changed in a step-wise fash-
10n.

As seen from these figures, the locus of the primary
flux linkage ¥ forms a minor loop in neither of the stable
and transient states. This means that there exist little
harmonic loss and little acoustic noise. Moreover, an
experiment showed that the harmonic loss is decreased
by one half and the acoustic noise is decreased by more
than a few decibels.

Moreover, the system has a very simple circuit con-
figuration as well as a very simple adjustment portion
for a coefficient R; (which corresponds to a primary
resistance) of a coefficient multiplier in the primary flux
linkage calculation circuit 14 when compared with the
conventional vector controller. |

Further, this system is free from any variation of
constants, such as secondary resistance, because the
system controls the torque directly.

Because of optimization, the torque response is theo-
retically quicker than that obtained from the conven-
tional vector control.

FIG. 6 shows an example of a control system to
which an optimum current control of inductive load
having a back electromotive force is applied.

In FIG. 6, reference numeral 1 denotes a rectifier
circuit, 2 a PWM inverter, 33 an inductive load having
a back electromotive force vector Vg, 34A a current
detector, and 34B a voltage detector, 35 denotes a volt-
age vector detector circuit for the digital output, 36 an
A/D converter, 37 an angle detector circuit for a cur-
rent error vector of the digital output, and 38 an opti-
mum switching table for determining an optimum volt-
age vector.

Furthermore reference numeral 39 denotes detection
means for detecting back-electromotive force vz, 40 a
coefficient muitiplier which multiplies the back-elec-
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tromotive force vector vg with a coefficient 1/L (L

‘means an inductance of a load 33), 41 an adder which

adds the output of the coefficient multiplier 40, i.e.

4,800,478
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In the above-mentioned embodiment, the optimum

- switching table i1s provided and switching patterns cor-

ve/L to the differentiated current command value I, 1.e. '

dl,/dt, and 42 a substractor which forms a difference Ie

between the current command Ir and an actual current

1, ie. [e=f—I

- The control method executed in the system shown in

FIG. 6 is an example of an instantaneous current control
method in which an eva.luatlon function is made mini-

. mum. .
The equation descnbed below is used as an evaluatlon

function 1.
- I=n2e/T2

where, n means a number of change-over switchings
when a next voltage vector is selected by changing the
switches of an inverter, e2 a mean square error within a

control interval, and T a time interval within a control

interval, which determines good or bad when the
switching frequency is relatively high. This value is

calculated according to the followmg equatlon

1

—— -1

cos?d

dI, ) _
=0

responding to respective input conditions are read out

from the table, but the present invention is not limited to

- that embodiment. Switching patterns may be obtained

by giving respective input conditions to a micro com-
puter producing switching patterns as a result of calcu-

~ lations.

10

15

As described above, according to the present inven-
tion, a switching for the optimization of an evaluation

function which is composed of functions of state vari-
~ables i1s made possible, and muiti-variable control is

easily performed because the errors caused by a com-
manded value are minimized simuitaneously.
Moreover, the present invention can contribute to an

- improvement of the system stability in motor control

‘because a switching pattern which decreases harmonic
loss and acoustic noises accompanying a switching of

_ the PWM inverter can be selected, and the pattern can

20

be selected to avoid voltage pulses having extremely

 narrow pulse widths.

25

where, Ie is I,-—I as shown in FIG. 6, and ¢ is an angle

If the back-electromotive force vector and the mduc-

tance are assumed to be vgand L respectively, their

- relation is approximately expressed by

"%"' =@ - vE/L

35

Therefore it is sufficient to seléct a voltage vector v

which can minimize the evaluation function v from all
~ the voltage vectors determined by an mverter (8 for

3-phase bridge type inverter).

This selection can be performed us.mg, for example,.

an instantaneous sampling value or samplmg values for
a predetermined time mterval when I, is larger than the
predetermined value.

In order to determine the voltage vector v which

45

minimizes I, it is necessary to input angle ¢, of the vec-

“tor I, di,/dt+VE/L and the present state of voltage

vector v.

s 0
FIG. 7 shows an output 'voltage waveform, current
- command values and an output current waveform.

These waveforms were obtained when the circuit

‘constants are =10 mH, R=0.1Q and Vg=140 V and 3y

~ According to the present invention, the evaluation
function has become one half of that obtained at-the

a d.c. input voltage into the inverter is 270 V.

same switching frequency by the conventional method.
This means that the harmonic loss is decreased to one

half and the acoustlc noise of a load i is extremely re-
- duced. | |
- ‘Thus, the optlmum eontrol of the system is accom-
plished by determining the evaluation function. |
~ In the embodiments shown in FIGS. 6 and 7, no
optimum switching table is indicated. However, the 6

optimum switching patterns under any conditions could
be made easﬂy by one skilled in the art if the evaluatmn |

. funetmn is determmed

between I, and (dIe/dt)t 0 lmmedlately after the 30

- ~switching,

Further, from the viewpoint of hardware, no com-

~ plex calculation is needed, digitalization is very easy
~and high speed operation is possible because the opti-
- mum switching pattern 1s obtained only by reading out

memories directly.
The present invention 1s suitable for use in PWM
inverters connected to various AC loads or AC power
supplies.
I claim:
1. A control method for a PWM mverter having
branches containing switching means, said method
comprising the steps of:
obtaining first digital signals of two or more state
variables which represent whole combination
states of said PWM inverter and load systems con-
nected to an AC side of said PWM inverter and
second digital signals of two or more deviations of
satd state variables from corresponding command
values; |

defining an evaluation function having as variables
said state variables and said deviations; |

inputting a set of said first and second digital signals
‘to a memory as addresses; and,

deriving data from said memory for switching said
switching means of the branches of said inverter so
that a value of the evaluation function is minimized.

2. A control apparatus for a PWM inverter having
branches containing switching means and an AC side to
which a load system is connected comprising:

first means for generating two or more state variables

representative of a combination state of the PWM
inverter and the load systems;

second means for generating two or more command
- values corresponding to the state variables;

‘third means for generating two or more deviations of
said state variables from said corresponding com-
- mand values; |
fourth means for generating address data based on the
state variables and deviations;
memory means for storing data on adaptive states of
said switching means of said branches of the in-
verter and for outputting said data in response to
said address data; and

switching control means for controlling the switch-
ing means of the branches of the inverter so that the
value of an evaluation function having as variables
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said state variables and said deviations is mini-
mized.

3. A control apparatus according to claim 2, wherein
said load system is an induction motor, said first means
generates torque data and primary flux linkage data,
sald second means generates command data of the
torque and primary flux linkage, said third means gener-
ates deviations as to torque and primary flux linkage,
and the apparatus further comprising means for detect-
ing whether a rotational angle of said primary flux link-
age belongs to one of a predetermined number of angle
regions for producing a digital signal indication of the
resuit of detection.

4. An apparatus according to claim 3, wherein said
third means for generating torque deviation data com-
prises a comparator which has hysteresis characteristics
and 1s mnputted with the torque deviation and outputs a

10
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signal representing one of 1, 0, or —1 according to said
deviation.

5. An apparatus according to claim 3, wherein said
third means for generating primary flux linkage devia-
tion data comprises a comparator which has hysteresis
characteristics and is inputted with a primary flux link-
age deviation and outputs a signal representing either 1
or 0 according to said deviation.

6. An apparatus according to claim 2, wherein said
first means comprises a current detector and a back-
electromotive force detector, said third means com-
prises a first subtractor which subtracts output of said
current detector from current command value and a
second subtractor which subtracts output of said back-
electromotive force detector from a differentiated cur-
rent command value, and said fourth means comprises
an angle detector circuit for a current error vector of
said first subtractor and an A/D converter which con-

verts the output of the second subtractor.
| X % % % =
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PATENT NO. : 4,800,478 Page 1 of 2
DATED : January 24, 1989
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It is certified that error appears in the absve-identified patent and that said Letters Patent is hereby
corrected as shown below:

On the face of the patent, Item No. [73] should read

-—-Kabushiki Kaisha Toshiba, Rawasaki, Japan, part interest--,.

In Figure 2, "g" should read -=g--.

In Figure 3, "|¥|" should read -- |¥| --.

Column 2, line 19, ;1, ;2, ++«+r " should read --x1, x2, c e s ==,

Column 2, line 21, "x1, x2, X3, ... which correspond to ;1, ;2,
;3, .+« should read —-;l, ;2, ;3, ... Which
correspond to x1, x2, x3, N

Column 2, line 34, “éa" should read --s5,--,

Column 2, line 35, "v(Sa," should read --v(S,,--,

Column 2, line 43, "|y|" should read -- vy --,
Column 2, line 48, "|¥| of V¥ " should read —- ¥| of V —=
Column 2, line 61, "1/8,in" should read -- { min——-

Column 3, line 9, "v" should read —-—y—-,

Column 3, line 57, " |y| " should read -- |9 ,

Column 3, line 58, "P" should read -—18--—.
Column 4, line 28, " ¢ " should read -- ¢ --,
Column 5, line 5, "substractor" should read ~—subtractor--~,

Column 5, line 49, "state" should read --state f--,
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